In tropical coastal environments, simulating the diurnal cycle of wind and precipitation in numerical weather and climate models presents unique challenges due to the interaction of intraseasonal and mesoscale dynamics. This can lead not only to incorrect short term weather forecasts but also unphysical energy and momentum transport by convective processes. In particular, the sea/land breeze circulation and its role in initiating convection has been identified as a possible source of errors in the timing and offshore extent of coastal precipitation in the tropics.
In this study, the offshore land/sea breeze around Darwin, Australia, is examined using scatterometer wind observation and two regional atmospheric models. Although the comparison is limited by satellite swath times that cluster around two times of day, useful results are obtained by sub-sampling the simulated data to match the coverage of the scatterometer data.
We find that offshore surface sea breeze characteristics (intensity and horizontal spatial extent) from the models and satellite estimates are generally in good agreement, with intensity differences less than 2 m s -1 , and offshore extents not varying by more than approximately 150 km. The variation in offshore extent and amplitude of the land/sea breeze wind perturbations with monsoon regime is well simulated. Furthermore, despite the simplifying assumptions of linear seabreeze theory, the model and scatterometer results are in broad agreement with theoretical values, particularly in the presence of the weak background winds during the monsoon break period. be a good approximation of key physical processes (Wood et al. 2009 ). However, the theory does not contain topography or surface 52 inhomogeneities, which produce significant non-linear components in mountainous regions (Qian et al. 2012) , or a background wind 53 or other large scale variability.
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The sensitivity of SLBC characteristics to phases of the Northern Australian monsoon is also assessed. The active, break and of the three monsoon phases, it is expected that monsoonal variability in cross-shore prevailing winds and moisture will have a large 61 effect on the SLBC (Arritt 1989; May et al. 2012; Kumar et al. 2013) . In addition to monsoon variability, the diurnal cycle in land-sea 62 temperature contrast will have a large affect on SLBC characteristics, given it is the fundamental driver of the SLBC. Therefore, in 63 an attempt to diagnose any SLBC discrepancies between datasets, we investigate the diurnal cycle in modelled and observed land-sea 64 contrast. (Verhoef et al. 2012) . As discussed in section 3.1 and shown in the appendix, the 85 mean difference between the ENW and the 10 m diagnostic wind reaches a maximum magnitude of 0.5 m s −1 in coastal areas.
Advanced Scatterometer
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ASCAT samples the Darwin domain ( Figure 1 ) within two, three-hourly time blocks each day: 0900-1200 LT and 2100-0000 LT (LT
87
= UTC + 9.5 hours). We expect these to sample the later stages of the land breeze and sea breeze respectively. ASCAT data coverage 88 within the evening sea breeze time block is spatially uniform over the study period. However, during the morning there is less data on 89 the eastern side of the domain (Figure 2 ). We assume that ASCAT coverage, passing over the domain twice-daily, is frequent enough 
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ASCAT data has been averaged over three-hourly time blocks corresponding to the sea/land breeze times mentioned above, and an In comparing the SLBC from ASCAT, WRF and ACCESS, various compromising factors must be considered. The first of these is 123 creating a common spatial domain between all datasets, which may eliminate the presence of a SLBC produced by Timor and the
124
Cape York Peninsula (Figure 1) . Secondly, the limited temporal sampling of ASCAT severely restricts resolution of the SLBC, which 125 is on a diurnal timescale. This is reconciled in model comparisons by only considering output during satellite passes. ASCAT sampling bias was tested by repeating the analyses using all model data. It was found that in a mean sense, the sampling bias did not have a individual buoy measurements of actual 10 m wind. They show that differences can be as large as ±0.5 ms −1 over the global ocean. We 136 find similar amplitude ENW bias for the WRF model around Darwin (see Appendix). In addition, it appears that stability is important 137 in determining ENW bias close to the coastline, due to the SLBC advecting warm/cold air. We will assume that mean comparisons 138 between ASCAT and modelled 10 m winds are still valid, with some small, wind speed bias present. Given the temporal sparsity of the ASCAT data, we define the SLBC using perturbations from a 7-day mean wind at each spatial 141 point. Although not a true background value of the wind, the model and scatterometer data are treated in the same way, thus making 142 the comparison reasonable. Unless otherwise stated, all analysis herein is not of the actual wind, but a temporal perturbation which is 143 assumed to be forced primarily by the SLBC. Other diurnal, orographically forced flows will be implicitly included (Li and Carbone 144 2015), but should be small for northern Australia due to a lack of steep topography ( Figure 1 ).
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The intensity of the circulation is defined by the magnitude of the perturbation wind component (v') which is perpendicular to the 146 quasi-straight coastlines shown in Figure 1 (A and B). We average v' over a series of parallel transects, such that intensity becomes 147 a function of distance from each coastline. The offshore spatial extent is then defined as when the magnitude of v' becomes smaller 148 than 5% of the maximum along each transect. This is based on the fact that the SLBC decays with distance, and that the circulation is 149 largely perpendicular to the coastline (Aparna 2005; Bergemann et al. 2015) . Positive v' is defined as towards the sea (land breeze),
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whereas negative v' is flow towards the land. Rotunno 2015). The expression used to describe the horizontal spatial extent in R83 is given by
where N is the Brunt-Väisälä frequency, ω is the frequency of heating which forces the SLBC (i.e. 2π/24 hrs), H is the vertical extent 156 of diurnal heating and f is the Coriolis frequency. We calculate Eq. (1) for each monsoon regime by temporally averaging daily values 157 of N and H. These parameters are only able to be calculated from WRF output, since the required fields were not available to calculate 
Monsoon Sensitivity
164
Australian monsoon phases are defined here using a wind based index, similar to Drosdowsky (1996) . An active monsoon burst is 
c 0000 Royal Meteorological Society where n is the duration of the low level westerly wind burst (days), and U is 3 m s -1 . This value of U eliminates bursts shorter than a 169 day or two in duration. The monsoon break is then identified as when the upper level zonal wind is persistently easterly and an active 170 monsoon is not already present. The monsoon transition is defined as when zonal wind showed neither a break nor an active phase.
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According to this definition, there are two active bursts within the study period: 1 January -24 January and 21 February -24 We also find that the mean wind field is generally similar between all datasets for each of the separate monsoon regimes. For the intensity between datasets may be more easily discerned by averaging along the transects.
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The intensity of the SLBC as a function of distance from the coast is shown in Figure 7 , for transects A and B (Figure 1 ). Also
207
shown is the theoretical value for offshore extent given by Rotunno (1983) , defined in section 3.2. The intensity of the SLBC is defined 208 as the perturbation wind component which is perpendicular to the coastline, as described in section 3.2. Note that the 7-day running breeze perturbations, which, as defined here, will be symmetric about the background mean. The differences in the magnitude of the 212 land-and sea-breeze perturbations therefore gives an indication of the uncertainty in the method. Despite the uncertainty in defining 213 the background wind, the model data is sub-sampled and averaged to be analogous to the scatterometer data, making the comparisons 214 presented here valid.
215 Figure 7 suggests that the offshore extent of the SLBC is between 150 km and 400 km for all datasets, however this quantity can be 216 undefined in the monsoon active period, due to a suppression of the circulation. The intensity of the perturbation winds perpendicular 217 to the coastline (v') is confined to being below 3 m s -1 in amplitude, for all datasets and monsoon regimes. On average, the SLBC that region, which are amongst the highest on the globe during the Australian Summer (Berry et al. 2012). There is a large amount of 220 variability in offshore SLBC extent and intensity due to monsoon regime, which is generally replicated by all datasets.
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The active monsoon is the period in which the models under focus perform most poorly in terms of replicating the ASCAT SLBC 222 (Figure 7a, d ). There is a large spread in v' between datasets, especially along transect A where none of the models are able to replicate 223 a SLBC signal (Figure 7a ). It is likely that less insolation during this period due to cloud cover leads to a reduced SLBC signal along 224 this transect. Therefore, it is reasonable to expect a greater spread in datasets during this regime, due to, for example, phase differences 225 in the timing of convection and other mesoscale processes.
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The SLBC is much more coherent in all datasets during the monsoon break period, with generally, a maximum intensity appearing 227 close to the coastline which decays with distance offshore (Figure 7b, e) . WRF, ACCESS-1.5 and ACCESS-4 each replicate the mean B ( Figure 7f ). This is evident from the large amplitude v' signal at the oceanic end of the transect, which is of opposite sign to v' close 243 to the coast for both the sea and land breeze. In contrast, transect A has perturbation winds which decrease in magnitude with distance that the mesoscale models under-represent the intensity of the Cape York sea breeze, given that the land-mass which produces it is 248 outside their inner domain (Figure 1 ).
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The differences between model and scatterometer data presented in this section may be partly limited by the fact that the analysis 250 is constrained by the sampling times of ASCAT, which make it impossible to know the phase of the diurnal cycle that is actually 251 being observed. Any phase difference between the models and ASCAT will map onto this analysis as an error in intensity. For some 252 transects/monsoon regimes, the maximum in modelled sea/land breeze intensity is shifted slightly away from the coastline (for example, 
Timing and Propagation
257
Although the full diurnal cycle cannot be deduced from ASCAT data due to its limited temporal sampling, this information is readily for the monsoon break period, consistent with results already presented in Figure 7 . The three models have similar timing near the 
268
There are, however, some important differences between models and between regimes. Changes in SLBC timing could be due to (Fig. 7) is therefore partly due the sampling time being misaligned 274 with the apparently diurnally varying winds. ASCAT time blocks are shown on the Hovmöller diagram (0900-1200 LT and 2100-0000
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LT for the land and sea breeze respectively). It is also evident that the offshore extent of the SLBC in the active period along transect
276
A is limited to around 100 km in the WRF model and 100-200 km in ACCESS-1.5. The greater offshore extent in ACCESS-1.5 could 277 reflect greater radiative heating at the surface and might be suggestive of less cloud cover from reduced convective organisation.
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There is similar offshore propagation of the SLBC within all models, but this is most clear for transect A (Figure 8a 
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All models have similar propagation speeds, with an acceleration at around 100 km offshore. During the break and transition periods, Although for the most part, offshore intensity and spatial extent is in good agreement across all datasets, there are some differences 295 which we attempt to diagnose here. This is achieved by investigating the driver of the SLBC, namely the diurnal cycle in land-sea assumed to be representative of the area over which land surface heating is important in forcing the SLBC.
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For temperatures over the sea, the real-time global sea surface temperature (high spatial resolution) dataset is used (Gemmill et al.
300
2007), which is also used as a lower boundary condition in the WRF model. However, this product is daily and neglects any diurnal (decreased ocean mixing), then daytime SST can be under-estimated, and land-sea temperature contrast can be over-estimated by using 304 daily SST products. In addition, this may cause a simulation of the SLBC to be too intense. Note that the ACCESS models also use 305 a daily SST product (section 2.2). For the purpose of calculating the diurnal land-sea temperature contrast, daily SST data is spatially 306 averaged over the area of each transect (Figure 1 ). The more appropriate variable to use over the ocean rather than SSTs would be 2 m 307 air temperature, but this is not available in a gridded product.
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The diurnal cycle in land-sea temperature contrast, averaged over each monsoon regime, is shown in Figure 11 , along with the 309 differences between the models and observations. Figures 11a, c, e reveal an expected diurnal temperature contrast. There are two 310 distinct forms of temperature change, the first of which is the solar heating profile during the day, which results in a maximum in 311 land-sea contrast at around 1800 LT. The second form is due to nocturnal outgoing shortwave radiation, and is much slower than its 312 daytime counterpart, leading to a minimum in temperature contrast at around 1000 LT. The land-sea temperature difference was also examined, as the main driver of the SLBC. The limitation of this analysis was that 356 a daily SST product was used, which is the same temporal resolution as the prescribed SSTs in ACCESS and WRF. Therefore, the 357 effect of diurnal SST variation on land-sea temperature contrast was unable to be examined, which may be large in the tropics (Zhang and underestimation of the land breeze, but a properly resolved diurnal wind cycle would be required to assess this. It has been shown 362 in previous studies that mesoscale models have isolated, intense convective regions, rather than widespread cloud cover (Done et al.
363
2004), which is unphysical and will cause an underestimation of reflected insolation. It appears that ACCESS-4 has a reduced warm 364 bias, possibly related to the characteristics of the cloud population as a result of the convective parametrisation relative to that in the 365 two convection-permitting simulations. Therefore, correct simulation of convective systems is not only crucial for precipitation and 366 energy/momentum transport, but also for other thermally driven mesoscale systems such as the sea/land or mountain/valley breezes,
367
especially during convectively active large scale regimes.
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In addition to corresponding moisture availability and cloud cover, the Darwin SLBC is highly sensitive to changes in prevailing 369 wind with monsoon regime. It has been suggested by previous work that the cross-shore component of the prevailing wind will strongly 370 modulate the offshore extent of the SLBC (Arritt 1989 ), which will have important implications for diurnal, offshore precipitation and diurnal variability in the tropics that is highly consistent with results presented in this study. 
